Congenital heart defects (CHDs) occur mostly sporadic, but familial CHD cases have been reported. Mutations in several genes, including NKX2.5, GATA4 and NOTCH1, were identified in families and patients with CHD, but the mechanisms underlying CHD are largely unknown. We performed genome-wide linkage analysis in a large four-generation family with autosomal dominant CHD (including atrial septal defect type I and II, tetralogy of Fallot and persistent left superior vena cava) and low atrial rhythm, a unique phenotype that has not been described before. We obtained phenotypic information including electrocardiography, echocardiography and DNA of 23 family members. Genome-wide linkage analysis on 12 affected, 5 unaffected individuals and 1 obligate carrier demonstrated significant linkage only to chromosome 9q21-33 with a multipoint maximum LOD score of 4.1 at marker D9S1690, between markers D9S167 and D9S1682. This 48-cM critical interval corresponds to 39 Mb and contains 402 genes. Sequence analysis of nine candidate genes in this region (INVS, TMOD1, TGFBR1, KLF4, IPPK, BARX1, PTCH1, MEGF9 and S1PR3) revealed no mutations, nor were genomic imbalances detected using array comparative genomic hybridization. In conclusion, we describe a large family with CHD and low atrial rhythm with a significant LOD score to chromosome 9q. The phenotype is representative of a mild form of left atrial isomerism or a developmental defect of the sinus node and surrounding tissue. Because the mechanisms underlying CHD are largely unknown, this study represents an important step towards the discovery of genes implied in cardiogenesis.
INTRODUCTION
Congenital heart defects (CHDs) are among the most common congenital defects, occurring with an incidence of 8/1000 live-births. 1 The aetiology of CHD is generally complex, environmental exposures, chromosomal abnormalities and gene defects can all contribute. Most CHD occur sporadic, but in recent years an increasing number of familial cases with various types of CHD have been reported. [2] [3] [4] Although mutations in several genes have been identified in a small subset of patients and families with CHD, eg, NKX2.5, 2 GATA4 3 and NOTCH1, 5 the mechanisms underlying human cardiogenesis and CHDs remain largely unknown. Some CHD patients and families also display cardiac arrhythmias, which can occur due to the anatomical defect itself or sometimes due to surgical interventions. 6 Moreover, in some patients arrhythmias are the direct consequence of the underlying genetic defect, in absence of any structural defect. 2, 7 Ectopic atrial rhythms originate when a focus outside the sinus node takes over the pacemaker function. Consequently, the direction of atrial activation may be altered, which can be seen as an abnormal P-wave axis on the electrocardiogram (ECG). The appearance of the P-wave depends on the site of origin of the ectopic rhythm.
The P-wave can be decreased in amplitude, or it can be biphasic or negative in leads II, III and AVF. The rhythm is regular and the P-R interval is usually normal or, at times, prolonged. 8 Usually, ectopic atrial rhythms are haemodynamically insignificant. They can be isolated and idiopathic, especially in children, but can also co-occur with CHD. 9 A P-wave frontal axis oriented in a superior direction, reflecting atrial pacemaker tissue located in the lower part of the atrium, is referred to as low atrial rhythm. This can be present due to sinus node dysfunction in patients with left atrial isomerism, a laterality disorder characterized by bilateral left sidedness. 9, 10 Here, we describe a large four-generation family with an autosomal dominant condition, comprising various types of CHD and low atrial rhythm, a unique phenotype not described before within a family. A genome-wide linkage analysis yielded linkage to a region of 39 Mb on chromosome 9q with a maximum LOD score of 4.1.
METHODS

Clinical details
This study was approved by the Medical Ethical Committee at the Academic Medical Centre in Amsterdam. Written informed consent was obtained from all participants. Subjects were clinically evaluated by analysis of medical records, physical examination with attention to syndromic features, cardiologic examination, 12-lead ECG and two-dimensional echocardiography. Previously performed ECGs were obtained from the medical records if available. The number of available ECGs ranged from one to 15 in the evaluated persons. One experienced paediatric cardiologist (JL) reviewed the ECGs and echocardiographic images. A total of 23 family members were examined. One patient (II-2) refused cardiologic examination for this study and therefore only previous medical records (including ECGs and echocardiography records) were obtained. We used magnetic resonance imaging (MRI) for evaluation of situs in the proband (IV-10). Abdominal ultrasound for evaluation of abdominal situs was performed in three individuals, and chest X-rays for evaluation of situs of the lungs were available for six individuals. Computed tomography (CT) of the thorax was performed in patient III-3.
Low atrial rhythm was defined as a P-wave frontal axis oriented in a superior direction. We defined the P-wave frontal axis to be horizontal when it was B01, which is abnormal, although not a true low atrial rhythm. A wandering atrial pacemaker was defined as a change in P-wave axis of 601 or more on subsequent ECGs.
Linkage analysis, mutation screen and array comparative genomic hybridization Genomic DNA of family members was extracted from peripheral blood according to standard procedures. Linkage analysis was performed using the ABI linkage set v2.5 MD10 set on an ABI 3700 Genetic Analyzer (Applied Biosystems, Carlsbad, CA, USA). 11 Phenotype, genotype and pedigree information were combined for multipoint linkage analysis with the use of the easyLinkage software package 12 running Simwalk v2.91 13 with the assumption of an autosomal dominant pattern of inheritance, a disease-allele frequency of 0.0001 and a penetrance of 0.9. Gene frequency was assumed to be equal between males and females. Both parametric and nonparametric linkages were calculated.
PCR amplification of all the coding exons of candidate genes inversin (INVS), transforming growth factor-b receptor 1 (TGFBR1), tropomodulin 1 (TMOD1), Kruppel-like factor 4 (KLF4), inositol 1,3,4,5,6-pentakisphosphate 2-kinase (IPPK), BARX homeobox 1 (BARX1), patched homologue 1 (PTCH1) and sphingosine 1-phosphate receptor 3 (S1PR3), multiple epidermal growth factor-like domains 9 (MEGF9) (only exon 12b, as this is specifically expressed in brain and heart 14 ) was performed using primers located in flanking intronic sequences (available on request). Subsequently, PCR products were analysed by direct sequencing, using the BigdyeTerminator v3.1 Kit on an ABI 3700.
MLPA probes were designed for INVS and TGFBR1 using MAPD, a probe design suite for multiplex ligation-dependent probe amplification assays. 15 The MLPA procedure and analysis were carried out as described. 16 Array comparative genomic hybridization (array CGH) was performed using 4Â180K slides (average 13 kbp spacing between probes), AMADID 023363 (Agilent, Santa Clara, CA, USA) according to the manufacturer's protocol (Oligonucleotide Array-Based CGH for Genomic DNA Analysis V5.0, June 2007) with adaptations. No amplification or restriction was used on the genomic patient and reference DNA. Fluorescent labelling of gDNA was performed using the CGH labelling kit for Oligo Arrays (Enzo Life Sciences Inc., Farmingdale, NY, USA) and purified using the MinElute PCR Purification Kit (Qiagen, Valencia, CA, USA). Hydridization was performed according to the manufacturer's protocol (Oligonucleotide Array-Based CGH for Genomic DNA Analysis V5.0, June 2007) and slides were scanned using an Agilent G2250C 2 mm scanner with Agilent Scan Control software (Version A.8.1.3.) using default settings. Spot intensities were measured with Agilent Feature Extraction software (V10.7), and further data analysis was performed using DNA Analytics software (V4.0.76) with algorithm ADM-2 using a filter of minimal three subsequent clones with a minimal absolute ratio of 0.3.
RESULTS
Clinical details
In the presented family, several individuals had CHD with or without low atrial rhythm, whereas others had isolated low atrial rhythm. The pedigree of the family is shown in Figure 1 . Table 1 summarizes the clinical features of the family members.
The proband (IV-10) was diagnosed during her first year of life with an incomplete atrioventricular septal defect (AVSD), a common atrium and a small communication between the left and right ventricle. At 2.5 years of age, she underwent surgical correction including septation of the monoatrium, leaving the coronary sinus draining into the left atrium. During the surgical procedure, the presence of bilateral left atria with bilateral left atrial appendages was observed. At 33 years of age, she was asymptomatic. MRI at that age showed normal situs of the lungs and abdominal organs. ECG persistently showed left QRS axis deviation and low atrial rhythm.
The sister of the proband (IV-9) was asymptomatic. Echocardiography did not reveal any abnormalities; however, ECG at age 32 showed low atrial rhythm ( Figure 2 ). The asymptomatic father of IV-9 and IV-10 (III-10) also had normal echocardiography, and low atrial rhythm with bradycardia (45/min) on ECG.
The paternal aunt of the proband (III-9) was diagnosed with congenital agenesis or malfunction of the sinus node at infant age because of bradycardia with AV-junctional escape rhythm and low atrial rhythm. At later age, she developed intermittent complete AV dissociation. Echocardiography repeatedly did not show any structural abnormalities. Because of chronic fatigue, a pacemaker was implanted at the age of 39 years. During implantation, the lead could not be placed in a stable position in the right atrial appendage, and therefore this appendage was assumed to be absent. Normal situs of the lungs and abdominal organs were confirmed by chest X-ray and abdominal ultrasound. The 18-year-old daughter of III-9 (IV-8) was born with a large incomplete AVSD and ASD II, which were surgically corrected at the age of 8 months. At surgery, absence of the coronary sinus and a persistent left superior vena cava (LSVC) connecting directly with the left upper corner of the left atrium were noted. The right superior vena cava was hypoplastic and the brachiocephalic vein was absent. ECGs persistently showed low atrial rhythm. Situs of the lungs and abdomen was normal.
One of the paternal uncles of the proband (III-6) had tetralogy of Fallot and LSVC draining into the coronary sinus, which was surgically corrected at the age of 27. P-wave frontal axis was horizontal. Normal situs of the lungs and bronchi was present. In his 28-year-old daughter (IV-5), a cardiac murmur was noticed shortly after birth and she was followed at a cardiology clinic until the age of 7 years. Echocardiography performed at age 20 showed mildly elevated pulmonary artery pressure, with unknown cause. Low atrial rhythm was also present.
The paternal grandfather of the proband (II-2) had a myocardial infarction at the age 76 years. He received a pacemaker at the age of 84 years because of atrial and ventricular arrhythmias with severe bradycardia. P-wave frontal axis was horizontal. He developed atrial fibrillation at the age of 85 years. Chest X-rays showed normal situs of the lungs and bronchi.
His sister (II-1) showed low atrial rhythm on ECG at the age of 74 years. She developed atrial fibrillation when she was 77 years old. Echocardiography at this age showed dilated atria and mildly elevated pulmonary artery pressure, with normal left ventricular systolic function and diastolic dysfunction. Ultrasound showed normal abdominal situs. Two children of II-1 (III-1 and III-2) had died in the first months of life: III-1 was said to have had aortic hypoplasia, detected at autopsy, and III-2 was said to have died of pneumonia.
The daughter of II-1 (III-3) was asymptomatic at the age of 57 years. Echocardiography and CT showed an LSVC draining into the coronary sinus (Figure 2 ), aberrant right subclavian artery arising from the aorta distal from the left subclavian artery (arteria lusoria) and elevated pulmonary artery pressure, whereas on ECG low atrial rhythm and paroxysmal supraventricular tachycardia were present.
Pulmonary situs was normal. In the asymptomatic 28-year-old daughter of III-3 (IV-1) echocardiography showed abnormal interventricular wall movements, but no ventricular septal defect or other structural abnormalities were seen. She did have low atrial rhythm. The son of III-3 (IV-2), who was also asymptomatic at the age of 25 years, showed a horizontal P-wave frontal axis on ECG with normal echocardiography.
In the youngest son of II-1 (III-5), ECG at the age of 40 years showed low atrial rhythm and first-degree atrioventricular (AV) block. On echocardiography at the same age, a mildly dilated left ventricle was present as well as moderate regurgitation of calcified aortic and tricuspid valves. The 23-year-old daughter of III-5 (IV-3) was diagnosed in her first year of life with ASD II, membrane in the left atrium, absent brachiocephalic vein, LSVC draining into the coronary sinus and a small right superior vena cava. ECGs persistently showed low atrial rhythm. Situs of the lungs and bronchi was normal. The other daughter of III-5 (IV-4) was diagnosed with frequent paroxysmal supraventricular tachycardia and atrial extrasystoles with the origin in the lower right atrium at birth, with normal sinus rhythm in between. She was on anti-arrhythmic medication until the current age of 17 years because of persistence of the tachycardia. Echocardiography showed no structural abnormalities and chest X-ray showed normal pulmonary situs.
At the age of 78 years, the asymptomatic brother of II-1 and II-2 (II-3) was found to have bradycardia with arrests up to 2.6 s with junctional escapes, atrial extrasystoles and non-sustained ventricular tachycardia. He also had paroxysmal atrial fibrillation and complete right bundle branch block. P-wave frontal axis was normal. Echocardiography at the age of 80 years demonstrated left ventricular hypertrophy, dilatation of the aortic root (42 mm) and mild prolapse of the mitral valve, but no congenital abnormalities.
Seven other family members were evaluated in this study (III-4, III-7, III-8, III-11, III-12, IV-6, IV-7), all with normal echocardiography and ECG. None of the individuals with an abnormal P-wave axis had a wandering pacemaker. Clear dysmorphic features were not present in any of the family members.
Linkage analysis and mutation screen Before performing a genome-wide linkage, we excluded GATA4, TBX5 and NKX2-5 as the disease-causing gene in this family by linkage analysis. In first linkage scenario, termed nuclear family, subjects were considered affected if they had a structural heart defect and/or low atrial rhythm. Therefore, genome-wide linkage was performed on 12 affected (II-1, III-3, III-5, III-6, III-9, IIII-10, IV-1, IV-3, IV-5, IV-8, IV-9 and IV-10), 5 unaffected individuals (III-4, III-7, III-8, IV-6, IV-7) and 1 obligate carrier (II-2; Figure 1 and Table 1 ). The analysis demonstrated significant linkage to a single locus on chromosome 9q shared by all affected individuals. This locus was absent from unaffected individuals (Figure 1) . The shared locus has a multipoint maximum LOD score of 4.1 at marker D9S1690, and is delineated by markers D9S167 and D9S1682 based on the haplotypes (Figures 1 and 3) . No other loci with an LOD score higher than 1.0 was detected in this family genome wide. Low atrial rhythm+means that the P-wave frontal axis was oriented superiorly; low atrial rhythm±means that the P-wave frontal axis was horizontal (B01). To reduce the risk of phenocopies, individuals IV-2, IV-4 and II-3 (and therefore his children III-11 and III-12) were not included in the nuclear family linkage analysis. IV-2 was excluded because he had a horizontal P-wave frontal axis, and although this is abnormal, it is not a clear low atrial rhythm. II-3 an IV-4 had significant rhythm and conduction abnormalities, but normal P-wave frontal axes. In a second linkage scenario, termed extended family, we presumed IV-2, IV-4 and II-3 to be affected and III-11 and III-12 to be unaffected. We found that all affected carried to locus, however III-11 did as well, who had normal echocardiography and ECG. The maximal LOD score for the extended family scenario is 4.45; the locus remained the same. A third linkage scenario, termed affected only, was run in which individuals II-1, III-3, III-5, III-6, III-9, III-10, IV-1, IV-3, IV-5, IV-8, IV-9 and IV-10 were included as affected. The maximal LOD score for this affected only scenario was 3.3, also delineated by markers D9S167 and D9S1682.
The shared locus comprises a 48-cM critical interval, that corresponds to 39 Mb and contains 402 genes, of which 9 (INVS, TMOD1, TGFBR1, KLF4, IPPK, PTCH1, BARX1, MEGF9 and S1PR3) are known to be, directly or indirectly, involved in development and (left-right) patterning of the heart. Therefore, mutation analysis was performed in these genes in the proband (IV-10). Moreover, 10 conserved non-coding sequences within 5 kb up-or downstream of candidate genes were also screened. Nonetheless, no mutations were identified by direct sequencing. As large genomic rearrangements could also potentially underlie the phenotype, we also performed an array CGH on III-6 and IV-10, using a 180-K oligo array with genome-wide coverage. However, no genomic imbalances in or outside the co-segregating locus were detected, besides copy number variations are also present in controls (data not shown). Moreover, MLPA analysis of the coding exons of INVS and TGFBR1 did not reveal genomic imbalances for these genes.
DISCUSSION
We describe a large family with an autosomal dominant condition with a wide spectrum of cardiovascular abnormalities. The phenotype comprises different types of CHD with an abnormal atrial rhythm. Remarkably, several family members have low atrial rhythm without detectable structural heart defects, suggesting that these individuals show a mild manifestation of the familial disorder. We identified a locus at chromosome 9q that co-segregates with this autosomal dominant disorder and excluded several candidate genes present within the shared 39-Mb disease locus.
The presence of bilateral left atrial appendages in the proband in combination with low atrial rhythm led us to hypothesize that the CHDs in this family might be the result of a defect in the establishment of left-right asymmetry, and might represent a mild or variant expression of left atrial isomerism. Left isomerism is a laterality disorder characterized by bilateral left sidedness, ie, two morphologic left cardiac atria and atrial appendages, often in association with bilateral bilobed (left) lungs, isomerism of the bronchi, abdominal situs abnormalities, polysplenia and abnormalities of the large systemic veins. 17, 18 The internal architecture of the heart is often disrupted as well, and different forms of CHD are observed in left atrial isomerism. [17] [18] [19] Besides CHD, the phenotype in this family is characterized by abnormal P-wave frontal axis on ECG, typically present in left atrial isomerism due to sinus node abnormalities. In normal hearts, the sinus node is located in the right atrium at the junction between the superior caval vein and the right atrial appendage, which results in a P-wave frontal axis orientated leftward and inferiorly. 20 Histological studies in hearts with left atrial isomerism demonstrate absence, hypoplasia and/or ectopic location of nodal tissue in a large proportion of patients. 21, 22 In correspondence with these histological abnormalities, abnormal atrial rhythms are commonly found in patients with left atrial isomerism, 10, 23 and a low atrial rhythm with a superior P-wave frontal axis is frequently present. 10, 23 In this family, four of the five individuals with CHD or isolated LSVC had low atrial rhythm, and one individual had a horizontal P-wave axis. In addition, seven family members without detectable structural heart defects also showed low atrial rhythm, and two had a horizontal P-wave axis. Indeed, rhythm and conduction disturbances have been described in patients with confirmed left isomerism without structural cardiac defects. 24, 25 Taken together, the spectrum of CHD in this family is compatible with that seen in left isomerism. Importantly, we could not confirm signs of left isomerism outside the heart (eg, polysplenia) in the investigated family members, although imaging of the abdomen and lungs was not available in all subjects, so we cannot rule out laterality defects in every individual. In conclusion, the phenotype of this family resembles a developmental laterality defect, although affected individuals only show a mild expression, which appears to be restricted to the heart. Alternatively, the familial phenotype might represent an underlying developmental defect of the sinus node, as most family members have an abnormal low atrial rhythm, caused by a dominance of a pacemaker located in the lower part of the right atrium over the normal sinus node. In its earliest stages, when the heart is no more than a simple tube, a dominant pacemaker activity is already found in the entire systemic inflow region of the heart (both left and right side). Subsequently, newly added myocardium at the inflow part, which differentiates from t-box transcription factor Tbx18 expressing precursor cells, will eventually give rise to the right-sided sinus node, among others. 26 The developing sinus node also expresses the t-box transcription factor Tbx3, which acts to repress differentiation into working myocardium by imposing a conduction system phenotype. 27 Thus, formation of the sinus nodes requires transcription factors, such as Tbx18 and Tbx3, and knockout of these genes leads not only to under-or maldevelopment of the sinus node, but also to various forms of CHD. 26, 27 Consequently, it is possible that the phenotype seen in the current family is the direct result of developmental defects in the formation of the sinus node, possibly via pathways involving t-box transcription factors.
The co-segregating locus on chromosome 9q contains 402 genes (genome build 37), and some of these were selected as candidate genes based on current knowledge, literature and data mining analysis: INVS, S1PR3, TGFBR1, IPPK, BARX1, TMOD1, KLF4, MEGF9 and PTCH1. The coding regions and selected conserved non-coding regions of all these genes were sequenced, but no mutations were found. In addition, we looked for genome-wide genomic imbalances using array CGH; however, none were identified. No other genes known to have a role in left-right patterning or cardiac development map to the 9q region. The best option to identify the causative gene or region on the 9q locus would be to fully sequence it, and although advances in next generation sequencing have been tremendous, it is currently far from trivial to sequence our 39 Mb locus. Moreover, investigation of additional families with a similar phenotype might reduce the region of interest and could lead to the detection of the gene responsible for the phenotype in this family.
A concern of our study is the possibility of phenocopies. Ectopic atrial rhythms can be seen idiopathically in healthy individuals, especially in children. We cannot rule out that individuals in our family have P-wave abnormalities due to other reasons than the familial genetic defect. To minimize the risk of phenocopies, we performed linkage analysis on the most affected patients, ie, patients with low atrial rhythm, and excluded the patient with isolated horizontal P-wave frontal axis as well as the patients with significant rhythm disturbances and normal P-wave frontal axis. Though those patients all carried the disease locus, which implies that the familial disorder shows variable expression. Patient III-11, carrier of the risk allele, had normal echocardiography and ECG at the age of 45 years, which also indicates that the disorder is not 100% penetrant. Atrial fibrillation and other AV rhythm disturbances were mainly present in the older individuals in the family, suggesting age-dependant penetrance of these abnormalities. Although these abnormalities are common in the general population, it is unclear if they are a part of the disease phenotype.
In conclusion, we present a large four-generation family in which a condition, comprising of CHDs and low atrial rhythm, inherits as an autosomal dominant trait with variable expression, and which, to the best of our knowledge, has not been described before. A significant genome-wide linkage was demonstrated to a locus on chromosome 9q with an LOD score of 4.1. Although we did not uncover a causative mutation in this family, the mapping of this locus represents an important step towards the discovery of genes implied in cardiac development. Identification of the disease-causing gene will allow genetic screening and will ultimately provide fundamental insights in human cardiogenesis.
